Abstract. Generally, the surgical procedures employed in the treatment of patellofemoral joint (PFJ) osteoarthritis (OA) aim, either explicitly or implicitly, to alter the biomechanics of the osteoarthritic joint (i.e., improve motion and load transmission characteristics). Because of the mechanical nature of some of these surgical objectives, they can be evaluated prior to and subsequent to surgery by using an appropriate patient-specific physical model of the patient's PFJ, derived from 3D MRI data. This study describes the process by which such patient-specific physical models can be created using standard clinical imaging modalities.
Introduction
Currently, the clinical consensus is that the success of surgery for PFJ OA is highly variable and often unpredictable. Much of the data used in the decision making process derive from clinical examinations, supported by standard radiographic images that provide only indirect evidence of the severity of osteoarthritic damage in the diseased joint. The results of various procedures for the treatment of PFJ OA as well as patellar instability have been described in the literature for decades. The estimated success rate of patellofemoral PFJ surgery for osteoarthritis OA is 60%, excluding replacement arthroplasty. The long-term aim of this project is to improve this success rate by providing a new set of tools to help orthopaedic surgeons in planning their surgical treatment of PFJ OA.
One of the leading hypotheses for the initiation and progression of PFJ OA is that excessive stresses in the articular layers lead to degeneration by promoting a rate of tissue degradation that exceeds its rate of repair. From a clinical perspective, it is also believed that excessive articular contact stresses may contribute to the pain experienced by OA patients. Therefore, the premise of the current study is that successful planning of the outcome of PFJ OA surgery is dependent on a reliable prediction of changes in the articular contact area and stresses which would result from surgery. Because of the complexity of the articular topography of the PFJ, an accurate representation of the surfaces is required, which can be obtained from magnetic resonance imaging (MRI). Furthermore, such surgical planning is dependent on the ability to predict the forces which develop within the various structures of the joint, including articular contact forces, ligament forces, and other soft tissue interactions, that are dependent on the muscle forces acting across the joint. In this study, we describe our current progress on the development of physical models of patient knee joints from MRI, which can be used for the calculation of such parameters as contact areas, stresses and forces across the PFJ under various configurations of loading, as well as changes in these parameters following surgical simulations.
Computer-Aided Orthopaedic Surgery
Several investigators have used computer models to evaluate orthopaedic surgical procedures. Delp and co-workers developed a computer model [14, 18] which they applied to investigate surgical treatments on the ankle [15, 16] , hip, and knee [17] joints, as well as gait [19] . Chao and co-workers applied a 2-D rigid-body-spring-model to evaluate wrist [3, 27, 31] and knee joint mechanics [9, 32] . Furthermore, Chao and co-workers proposed methods to plan various surgeries for individual patients using their model [9] and created a computer software program to analyze knee osteotomy [8] . Other authors have also investigated the use of computer models to plan surgeries, mostly for the hip joint [7, 37, 38, 39, 40, 51] , but for the wrist [33] and tibia [48] as well. Finally, some investigators have reported use of guidance tools and robots in the operating room to aid the surgeons [35, 39, 41] . However, these studies generally have not focused on OA nor have they relied on such parameters as articular contact forces, areas and stresses. As a result, they have not attempted to reproduce the articular surfaces accurately. In this study, accurate topographic models of the patient's PFJ are developed from MRI data.
MRI of Articular Cartilage
Magnetic resonance imaging of articular cartilage has been the subject of intense research in recent years. Until recently, identification of cartilage defects could be made only by arthroscopy or surgery. Accurate, early, MR diagnosis can potentially tailor arthroscopy and surgery. The use of MR imaging has also been considered to show promise as a potential outcome measure for therapeutic studies by a task force of the Osteoarthritis Research Society [2] . The appearance of cartilage has been described on many MR sequences. T1-and T2-weighted spin echo images, which have both been advocated, are limited by a minimum practical slice thickness of 2-3 mm. Newer techniques include magnetization transfer and gradient echo imaging. Magnetization transfer techniques have been used to increase the contrast between cartilage and bone [50] , however, magnetization transfer is not widely available and the subtraction method required introduces error.
Gradient echo imaging allows acquisition of thin contiguous slices in a volume which can be reformatted in multiple planes. Furthermore, gradient echo imaging has greater signal-to-noise in each slice than spin echo images [<v, Recht94>45] . In 1993, a study which compared T1-weighted, proton density, T2-weighted, spoiled GRASS, GRASS, and fat suppressed spoiled GRASS concluded spoiled GRASS best for cartilage [<v, Recht93>44] . Fat suppressed spoiled GRASS images were also more accurate than magnetization transfer in cartilage thickness determination of cadaver ankle articular cartilage [<v, Tan96>52] . High resolution volume spoiled GRASS cartilage sequences have been used in cadavers with 1-2 mm slice thickness to determine cartilage thickness in cadaver knees with precision [11-13,<v,Eckstein96>23]. In our own prior studies, we compared cadaver knee joint MRI measurements of cartilage topography and thickness against stereophotogrammetric measurements, and demonstrated sub-pixel accuracies (0.16 mm on average for topographic measurements, 0.32 mm on average for thickness measurements, on the patella and femur) [13<v,Cohen97b>].
Currently, for patient MRIs, we acquire two sets of images for each patient visit. The first set employs the cartilage-specific sequence proposed by Disler et al. and Peterfy et al. [20, 21, 42, 43] , which we have successfully implemented in our own studies [12, 13] . This sequence consists of a 3-D volume spoiled GRASS with fat suppression, sagittal acquisition, TR=52 ms, TE=5 ms, flip angle=40°, field of view (FOV) = 12 to 16 cm (to enclose the entire articular layers of the knee), matrix = 256x160, 1 NEX, 60 contiguous 1.5 mm slices, with a duration of 8:56 minutes, and with the knee in full extension inside a linear extremity coil (Fig. 1a) . The second set (Fig. 1b) consists of a sagittal acquisition, TR=550 ms, TE=15 ms, FOV = 16 cm, matrix = 256x192, slice thickness = 4 mm, acquisition time = 3:35 minutes, acquired in the body coil (50 cm diameter) at the maximum knee flexion angle permitted within the space constraints (typically, 50°-70° of flexion, 60° on average).
The first set of images is used to get accurate anatomic measurements of the articular layers while the second set of images is used to determine the position of the patella relative to the femur, at a flexion angle where the PFJ contact force, contact area and contact stresses are close to their highest values. Segmentation of MR images is performed using a custom-written semiautomated cubic B-spline snake procedure to extract the contours of the articular and sub-chondral bone surfaces (Fig. 2) . This technique has been shown to achieve equal accuracy as manual segmentation in our previous
cadaver study [13] while decreasing the time required for segmentation of all 60 slices by more than tenfold, down to approximately 2 hours.
Using the femoral and patellar bone contours from the two MRI sequences, a surface registration procedure is applied to realign the highly accurate cartilage surfaces acquired near full knee extension in the first sequence into the flexed position assumed by the patient in the second sequence. A surface proximity algorithm [5, 47, 49] is employed to determine the articular contact areas in the patient PFJ for the given flexed position (Fig.  3a) . This articular contact area represents the baseline contact configuration which may serve for analyzing subsequent changes, either from post-surgical MRI or from surgical simulations performed on the physical model constructed from MRI data. Other information of significant value which can be obtained from the first MRI sequence is the thickness of the articular layer over the entire joint surface. Thickness maps can be used to track the changes in a patient's cartilage layer over time. A repeatability study performed on the knee of one volunteer over two sets of measurements showed a root-mean-square difference in thickness of 0.40mm, 0.27mm and 0.60 mm for the patella, femur and tibia respectively, precisions which compare favorably with the thickness measurement accuracy determined in the cadaver study [13] . Correlations may be found in some patients between regions of cartilage degeneration, as assessed from the thickness maps, and the location of the articular contact areas (Fig 4 a,c) . 
3D Multibody Modeling of the Patellofemoral Joint
Building on the work of previous investigators [6, 24, 25, 28, 29, 30] , we have recently developed a general interactive mathematical 3D model, capable of simulating different joints [34] . The model employs a quasi-static equilibrium analysis that predicts the equilibrium pose, contact areas, contact forces, and ligament forces of multiple bodies (bones and soft tissues) interacting together. Complex bone and articular surfaces are accurately represented by mathematical surfaces, and the contact stress between surfaces is approximated by various functions of the surface proximities. Ligaments are modeled as line segments whose forces are linearly or nonlinearly dependent VL on their length, stretch, or strain. Constant loads are applied through tendons to simulate muscle forces, and the tendons may loop through tendon pulleys connected to various bones. The model permits wrapping of the tendons and ligaments around bone and articular surfaces (e.g. the quadriceps tendon wrapping around the femoral trochlea) by imbedding particles in the ligaments and tendons, and letting these particle bodies interact with the surfaces. External forces and moments can be applied to any of the bodies, either in a body-fixed coordinate system or in a global coordinate system (e.g., to simulate gravitational forces). Finally, any of the translational or rotational degrees-of-freedom of a moving body may be optionally constrained (e.g., the knee flexion angle). The Newton-Raphson iterative procedure was used to solve efficiently for the equilibrium condition; to expedite the calculations all components of the Jacobian matrix are evaluated analytically. The model was validated by reproducing results of actual cadaver knee joint experiments [34] . By using an analytical Jacobian formulation, the model converges very rapidly (2 to 10 seconds for most analyses). It provides graphical display of the results, and it allows the user to interactively change any of the input parameters.
In patient studies, a physical (multibody) model is constructed for the patient PFJ using the articular surface data, tendon and ligament insertions and bone contour data acquired from the first MRI sequence (Fig. 5,b and 4a ,b) . The lines of action of the various quadriceps muscle components (vastus medialis obliqus, vastus lateralis, rectus femoris+vastus intermedius+vastus medialis longus can be inferred from manual segmentation of the muscle contours, and current work is in progress to assess the accuracy of this process. The muscle force magnitudes are adjusted so that the contact map generated from MRI is reproduced by the model. The properties of the soft tissue structures incorporated into the patient PFJ multibody model (articular cartilage, quadriceps tendon and patellar ligament stiffnesses) are currently obtained from the literature, since these properties cannot as yet be determined from MRI using current techniques.
Surgical Simulations
Many operations are available for the treatment of PFJ OA. These treatments may be divided into four categories:
1. Arthroscopic Procedures: lateral retinacular release, patellar shaving, lysis of adhesions, combinations. However, not all patients respond to a given operation [1, 26] and most of the surgical procedures relieve pain to a disappointingly variable degree. Therefore, in view of the numerous surgical procedures that have been used with variable success for the treatment of PFJ OA, there exists a significant need for aiding the orthopaedic surgeon in the planning of surgery by providing estimates of the potential outcome for each of these procedures, alone or in combinations. Such a mechanism ideally should provide a quantitative measure to allow proper assessment of each procedure. In this study, we propose to use such measures as PFJ articular contact areas, forces and stresses.
For the purpose of surgical simulations, many of the procedures described above require relatively minimal modifications to the physical multibody model of the joint, relative to the baseline patient-specific data. For example, tibial tuberosity transfer operations can be simulated by relocating the insertion points of the patellar ligament bundles on the tibia and adjusting the applied quadriceps forces to maintain the same flexion moment on the tibia (Fig.  5a,b) . The patient shown in Fig 4 previously had a tibial tuberosity transfer, but complains of persistent knee pain. Reverse surgical simulation shows that the transfer procedure did in fact decrease the stress in the patient's knee. However, looking at the contact map of the current configuration, the contact is still positioned laterally on the patella, perhaps a source of her current pain. Lateral retinacular release may be performed by decreasing the force in the vastus lateralis (VL) component of the quadriceps force, while, similarly, adjusting other muscle forces to maintain a fixed moment about the knee (Fig.  5) . On the femur of the patient represented by Fig 5 there is a focal lesion that coincides with the location of maximum contact stress for that knee. A simulated VL release shows that this patient may receive only limited benefit from such surgery, due to the limited amount of medial shift in contact area and the small decrease in contact stress (0.46 MPa to 0.43 MPa). Likewise, advancement of the vastus medialis obliquus can be simulated by relocating the insertion of this muscle component onto the patella. Osteotomies would require re-orienting the lines of action of the muscles and/or relocating the patellar ligament insertion.
Other procedures involve more elaborate modifications such as changes to the solid model representation of the patella for resection procedures or patella shaving (Fig. 6 ) which can be performed with a solid modeler, or incorporation of additional soft-tissue structures for the simulation of adhesions [47] . The sophistication of the patient-specific multibody model of the PFJ can be increased by modeling more of the soft-tissue structures surrounding the joint, such as capsular tissues or the fat pad. The need for incorporating more details into the model should be based on experimental verification of the model's predictive ability in the simulation of various surgeries. Such 
Conclusion
Generally, the aims of surgical procedures employed in the treatment of PFJ OA are to alter the biomechanics of the osteoarthritic joint (i.e., improve motion and load transmission characteristics). For example, the explicitly stated goals of the Maquet or Fulkerson procedures have been to reduce the joint contact forces or stresses, to increase the size or to shift the location of the contact areas, to increase the moment arm of various tendons, or a combination thereof. Within the clinical setting, it is generally believed that reduction of PFJ contact forces and stresses, as well as re-establishment of normal joint kinematics, will decrease joint pain and improve the patient outcome. However, a direct correlation between such biomechanical variables and patient outcome has never been investigated. Because of the mechanical nature of some of these surgical objectives, they can be evaluated prior to and subsequent to surgery by using an appropriate patient-specific physical model of the patient's PFJ, derived from 3D MRI data. This paper has summarized some of the technical aspects of our current progress toward this objective.
